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Dr. Rodrigo Viecilli, Chairperson 
 
The TPA and LA can be activated with two methods: the “shape-driven method” 
where the appliance is made to match the final tooth position and the “force-driven 
method” where the appliance is made to make sure the force system delivered by it at the 
beginning is consistent with the planned tooth movement. This study compared the two 
methods in vitro quantitatively with typodont teeth and multi-axis force torque 
transducers in all three dimensions. Results: In the TPA first order activation, with 
comparable Fy (force on Y axis) reading, the shape-driven activation group had a 
significantly higher Mx (moment on X axis) reading than the force-driven activation 
group. In the TPA second order activation, with comparable My (moment on Y axis) 
reading, the shape-driven activation group had a significantly higher Fx (Force on X axis) 
reading than the force-driven activation group. In the TPA third order activation, with 
comparable Mx (moment on X axis) reading, the shape-driven activation group had a 
significant higher Fy (force on Y axis) reading than the force-driven activation group. In 
the LA first order activation, with comparable Fy (force on Y axis) reading, the shape-
driven activation group had a significantly higher Mz (moment on Z axis) reading than 
the force-driven activation group. In the LA second order activation, with comparable My 
(moment on Y axis) reading, the shape-driven activation group had a significantly higher 
 xvii 
Fz (force on Z axis) reading than the force-driven activation group. In the LA third order 
activation, the shape-driven activation method resulted in the exact same shape as the 
force-driven activation method, no comparison between the two activation methods was 
needed and both method yielded the same result. Conclusion: Both TPA and LA 
activated using the force-driven method exhibited lesser unintended side effects in first, 
second and third order forces and moments than the shape-driven method. As the targeted 
tooth movements can be helped or hindered by the side effects, clinicians can refer to the 
results to make the correct activations for the most efficient and effective tooth 
movements. 
 
 1 
CHAPTER ONE 
REVIEW OF THE LITERATURE 
The transpalatal arch (TPA) is an appliance connects the lingual of contralateral  
molars horizontally following the contour of the palate.. It is also called transpalatal bar, 
palatal bar, palatal arch bar or transpalatal lingual arch.  The lingual arch (LA) is an 
appliance going along the alveolar ridge on the tongue side, which is frequently used for 
mandible, but can also be used for maxillary dentition. Both TPA and LA are commonly 
used appliances in clinical orthodontics treatment [1-6]. TPA and LA can be used 
passively to maintain space or anchorage, and they can also be used actively to provide 
forces and moments for expected tooth movement. However, without careful 
consideration, the TPA and LA without proper activation can lead to significant clinical 
side effects of unwanted tipping, torqueing, round tripping and other movements 
associated with reactive force systems. To maximize the expected effects and to 
minimize the side effects, TPA and LA activation methods need to be compared and 
analyzed. Theoretical analysis of the biomechanics has been attempted, but well-designed 
quantified in vitro comparisons are not yet available.   
The traditional transpalatal arch (TPA) is fabricated from a heavy gauge stainless 
wire. The original design consists of a straight bar across the palate, thus it is sometimes 
called transpalatal bar. This design links the left and right buccal segments together. 
However, the straight wire limits the possible activation needed, and, depending on the 
height of placement, it may also invade the natural tongue space in the oral cavity, thus 
reducing patient comfort. By constantly applying vertical tongue pressure on the 
appliance, wanted or unwanted molar intrusion can occur. 
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Goshgarian type transpalatal bar is the most common TPA design used today. In 
this design, the straight bar is bent into a curve to fit the palatal vault, thus increasing 
patient comfort. In addition, in this design, changing the arch form makes expansion, 
constriction, rotation and torque of the molars possible. Typically, a 0.036’’ stainless 
steel wire is used. The wire can be bent on a stone study model or directly from the 
mouth to make necessary soft tissue clearance. Prefabricated arches are also available for 
purchase. After forming the arch, both ends of the arch can be soldered onto the bands or 
they can be welded to the bands’ lingual attachments. A single central omega loop can be 
added to the arch, where the loop can either face forward or backward. This loop setup 
may make the fabrication and adjustment easier. Added length of the wire also make the 
appliance more flexible [2, 5]. 
Zachrisson modified the design of the Goshagarian type transpalatal bar [7, 8]. 
This type is made from 0.036’’ inch Blue Elgiloy wire and has three loops: single big 
central loop and two symmetrical smaller side loops. The center loop is 9mm and facing 
medially. The side loops are 5mm and facing distally. Longer end bars are left on both 
ends. Instead of soldering or welding, the ends are inserted into the lingual sheath of the 
molar bands. This feature makes the bar removable. As a removable appliance, complete 
passiveness, precise activation, reactivation and adjustment become easier. The added 
wire length and side loops design also makes the appliance more flexible, thus 
insertion/activation and other clinical uses become easier. 
To get more torque control from TPA, another linking method between the wire 
and bands can be used. Instead of single wire soldering joint, the wire at the end can be 
bent back to form a double wire handle. This handle can be inserted into the molar band 
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lingual sheath. Because of the rectangular cross section shape of the handle, the end can 
not rotate freely in the lingual sheath, thus 3rd order torque control from the TPA 
becomes possible. Again this removable wire handle design also get the benefit of precise 
control of complete passiveness, activation, reactivation and easier adjustment. In this 
appliance, an elastic ligature or stainless steel tie ligature can be used to secure the wire 
into the lingual sheath [9] . 
Another design, the “precision lingual arch”, developed by Burstone, also focused 
on a wire-band attachment. [10, 11]  On the lingual of molar band, a bracket which can 
accomodate an 0.032x0.032 square wire is attached. Compared with a tube, the insertion 
and removal of TPA wire becomes easier. As in the previous cases, the torque can be 
added to this design, however in addition, the fit is more precise in this bracket system. 
To further improve the TPA design and make it user friendly, a bracket with hinge cap 
attachment is used for linking [12].  Here, when the cap is closed, the bracket 
automatically becomes a tube. This eliminates the usage of elastic tie or steel tie and 
make the clinic adjustment much easier. In addition, tie wings are no longer needed thus 
it is smoother and is more comfortable to patients. 
A quad helix is an orthodontic appliance for transverse dimension discrepancy 
correction [13-16]. It is made from stainless steel wire bent into W shape with 4 loops 
and soldered onto the molar bands. In a broad sense, quad helix appliances are also a 
variety of TPA. Compared with the common TPA, quad helix has very long wire length 
with 4 loops built inside to make it very flexible. This gives it a larger range of action and 
makes it easier to use. The long arms can push the whole buccal segments out during 
expansion, which is also very useful in clinical situations. In addition, the long straight 
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center wire and side wires makes clinical adjustment easier and predictable, and intra-oral 
adjustment with 3-pronged pliers becomes possible. 
A hyrax is another common palatal expanding appliance. Prolonged retention 
phase after the active expansion is usually maintained. TPA is usually used during the 
retention as it takes less space in the mouth. This can be achieved by removing the Hyrax 
completely, fabricating a new TPA, then trying it in and cementing it. However, a new 
method of converting a Hyrax into a TPA has been tested [17].  In this method, two 
0.040’’ stainless steel wire segments were soldered onto the posterior expansion leg of 
Hyrax before delivery to the palatal side. After satisfactory expansion is achieved, these 
two segments are soldered together, the expansion screw is cut off, and the Hyrax is 
converted to a TPA easily [17].   
The “Butterfly Arch TPA” is a recent variety of TPA design [18]. Although 
passive TPAs are commonly used as anchorage devices, maximum anchorage is not 
always achieved with previous designs. One of the weak aspects of traditional TPAs is 
the inability to resist forces applied perpendicular to the long axis of the teeth, thus a 
slight force applied on one side of the arch will tend to rotate the other end of the arch 
with little resistance.  Here with a 0.036’’ stainless steel wire, the butterfly arch is linked 
to 4 molar bands of both the first and second molars. In addition to the transitional arch, 
an x shaped cross framework is added to form a butterfly wing shape. The authors 
claimed that this kind of framework has a high resistance against distortion by design, 
and is more resistant to molar dumping and anchorage loss. The bracing element of the 
framework can resist medial force effectively, and the tongue trapping area can convert 
the perpendicular tongue pressure into distal tipping force to upper molars. The 3D shape 
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of the framework could add resistance to anchorage loss and anterior movement, and 
reactive pre-activation forces could be added to control the anchorage. With 3 wire 
soldering points and 4 molar bands soldering points, the framework is divided into short 
segments, which further increases the total rigidity of the appliance effectively. Overall 
the authors concluded that this butterfly arch TPA has certain advantages for anchorage 
preservation in some clinical situations. 
With the aid of high speed CPUs and calculation software, new designs can be 
fabricated and tested with a computer using the finite element method. This method can 
precisely screen the needed force, moment and energy quickly without in vitro 
experiment and in vivo clinical trial. With the screening of this approach, the possible 
good designs can be further studied on the models and with the patients. This new 
method can greatly decrease the time, expense and numbers of patient needed for a large 
scale clinical trial. In a recent study, [18], 13 different virtual designs of TPAs were 
tested for the treatment of unilateral molar rotation. All of the 13 designs contain a palatal 
bar and two tubes, but different number and/or position of U loop and /or helices are 
added to test the effects. Straight parallel wires, rectangular R loops, and reverse action 
helices were also tried. In the setup, Model 1 is the traditional continuous TPA and 12 
modifications to the traditional TPA are investigated. In Model 2, one U-loop was added 
at the midline; in Model 3, an additional U-loop was added equidistant between the 
midline U-loop and molar; in Model 4, two U-loops were added between the midline U-
loop and first molar; and in Model 5 only a single U-loop placed near the molar tube was 
added. In Models 6 and 7, modifications included the addition of either single unilateral 
or double helices adjacent to the molar tubes to the TPA. In Models 8 and 9, straight 
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parallel wires were adapted to the palate, with model 8 wire taking the S shape and model 
9 wire, the omega shape. In Models 10 and 11, one or two rectangular R loops were 
incorporated into the traditional TPA. In Model 12, single helix was used in a reverse 
action; and Model 13 utilized double helices in a reverse action. Models were meshed 
with 24787 nodes and 6491 elements and analyzed with ANSYS Workbench Ver. 11.0 
applying Young’s modulus (2e5MPa) and Poisson’s ratio (0.3). The mesial part of the 
left side tube was displaced 0.1, 0.25, 0.5 and 1 mm, successively towards the midline, 
simulating palatal bar tab engagement in a mesio-palatal rotated maxillary left molar, and 
the force, moment and energy produced in the normal side (right) molar were recorded in 
different models. This approach analyzed the characters of the 12 new designs precisely 
and compared those to the traditional TPA design. Results showed that the associated 
mesializing force was lower than that seen in the traditional design and the moment 
showed an increasing pattern when compared with a simple palatal bar. With energy 
levels, the same increasing pattern was observed in the designs between activations of 0.1 
and 1.0 mm. As the best design in this application is thought to have the highest energy, 
highest moment and the lowest mesializing force, out of the 12 designs, based on all the 
results, the author concluded that Model 9 with Omega shape straight parallel wires 
added was the best model for derotating a unilateral maxillary molar tooth. 
In the future, with further development of faster computer, better software, new 
interesting materials, longer clinical trials and more clinical experiences, more and better 
designs of TPA are expected for many different clinical situations. 
Transpalatal arches have many clinical uses. They can be used either as a passive 
or an active appliance. When used passively, they provide anchorage, space maintenance, 
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etc. When used actively, they provide needed action in first, second, and third orders; 
correct crossbite, and provide expansion for the whole arch. They can be used 
symmetrically and asymmetrically, and may also be used together with other appliance or 
temporary anchorage devices (TAD) for multiple purposes. 
The most common use of the TPA is anchorage. Here the TPA stays in a passive 
form without activation. Theoretically, when permanent maxillary molars move 
anteriorly, they rotate mesiolingually around the large lingual root. The space between 
the buccal and lingual cortical plates becomes narrow anterior to the first molar roots, 
preventing the molar from advancing directly and limiting its movement to a rotation [7].
 
The large lingual root contacts the lingual plate and acts as a pivot, allowing the 2 buccal 
roots to rotate mesiolingually. The TPA reduces anterior molar movement by coupling 
the right and left permanent molars together and, thus, preventing any possibility of 
rotations. For example, in the study of Ziegler, et. al. [19], a Goshgarian type TPA was 
used together with a standard headgear for anchorage, and this headgear was worn 10-14 
hours per day. With enough anchorage, maxillary canine was retracted with a retraction 
spring and with a sliding mechanics. In both conditions, satisfactory anchorages were 
achieved. 
As maxillary anchorage can also be achieved with Nance palatal arch appliance, 
many studies have been carried out to compare these two. In a 2007 study [17], Ari 
Kupietzky, et al. claimed that in mixed dentition, TPA is an alternative to Nance 
appliance and has certain advantages in pediatric populations. TPA is less likely to irritate 
the soft tissue and .interfer with speech thus providing greater patient comfort and 
hygiene. In addition, TPA can control the vertical dimension of the permanent molars 
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with constant tongue pressure. If in any condition active forces is required, TPA can also 
be easily activated for the purpose. For these reasons, the author recommended TPA over 
Nance appliance for pediatric patient’s space maintenance. 
On the same topic, a randomized clinical trial study was conducted in 2009 by 
Stivaros, et. al. [20], twenty-nine patients were assigned to the Goshgarian TPA group 
and 28 patients were assigned to the Nance group. T2 was taken six months later. The 
amount of upper first permanent molar mesial movement, distal tipping, and mesio-
palatal rotation was measured by scanning T1 and T2 study models and then using a 
software program to calculate molar changes. It is discovered that there were no 
statistically significant differences in prevention of mesial drift or distal tipping (P > 
0.05). There was a statistically significant difference in the amount of molar rotation 
between the arch types, with both exhibiting some distopalatal rotation even though they 
were not activated for this movement. The Goshgarian palatal arch produced marginally 
more disto-palatal rotation than the Nance arch (P = 0.02), although this may not be 
considered clinically significant. There was also a statistically significant difference in 
pain scores between the Goshgarian and the Nance arch, with the Nance being associated 
with more discomfort (P = 0.001). This study did not support any preference in the use of 
the Goshgarian TPA or Nance palatal arch. 
As TPA is sometimes criticized to have a negative impact on normal molar 
eruption and thus vertical control, Wise JB et al did a retrospective patient study [21]. It 
was discovered that no statistically significant differences were noted between control 
and test groups form maxillary and mandibular molar vertical eruption per year, 
maxillary complex vertical growth per year, effective horizontal condylar growth per 
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year, ratio of effective horizontal pogonion movement to effective vertical pogonion 
movement, ratio of effective vertical condylar growth to the summation of maxillary, and 
mandibular vertical molar eruption plus maxillary complex vertical growth. This study 
shows that when properly used as a passive appliance, TPA is effective and safe for 
maintaining anchorage or space without unwanted vertical effects. 
Maybe the most fascinating part of TPA is its very versatile use as an active 
appliance with a very simple design. Here, instead of a passive fit, the TPA is activated 
before cementation or insertion depending on the different designs.  
First order discrepancies can be corrected effectively with TPA. In Ten Hoeve’s 
patient’s study [22], many cases treated successfully with the molars rotated by TPA 
were reported. In Anders Dahlquist’s study in 1996 [23], large scale clinical trial of 
transpalatal arch for the correction of first molar rotation was conducted. Here, 50 
patients’ (8-13 years of age) first molars were derotated with TPA, then the positions of 
the molars were compared with those in 34 individuals, aged 12-18 years, with normal 
occlusion. Prefabricated (GAC) stainless steel TPA arches were used for 60-198 days 
(median time 122 days). The effect was recorded with a measuring microscope on dental 
casts from before and after the treatment. Molar positions were determined from the tips 
of the four cusps of the tooth in relation to a coordinate system based on palatal reference 
points. The centers of rotation of the molars during derotation were calculated from the 
movement of their cusps. In about two-thirds of the cases the mesiobuccal cusp of the 
molar moved distally during the derotation. In the remaining cases it moved mesially or 
remained unchanged. The median distal movement was 0.3 mm on the right and 0.5 mm 
on the left side. Because many molars moved mesially, on average there was no gain in 
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space in the dental arch from the derotation. The location of the centre of derotation 
varied widely but it was on average located midway between the distobuccal and 
distopalatal cusps. In most cases the derotation resulted in a small, unintended, 
expansion. The study showed that mesiopalatally rotated first molars can effectively be 
derotated with the TPA, but the mesiodistal position of the mesiobuccal cusp is 
unpredictable.   
In vitro, first order correction was studied by Bengt Ingervall, et .al. The moments 
and forces of TPA induced molar rotation in vitro with stainless steel wire and TMA 
wires were measured [24]. It was found that both steel and TMA TPAs are effective at 
rotating the molars, however, at full activation, the steel arches delivered relatively large 
moments which decreased rapidly during deactivation. The TMA arches had a larger 
working range. It was not possible to achieve full symmetry of the moments at the two 
ends of the arch. The difference of the two moments resulted in forces acting on the two 
anchorage teeth in a mesio-distal direction. These forces were generally small but could 
reach clinically relevant magnitude. The derotation resulted in a contractive force of up to 
2.7 N which has to be compensated for by expansion. This in vitro study also showed the 
effectiveness of activated TPA in rotating molars and its possible side effects. 
First order molar de-rotation was also studied with Zachrisson-type transpalatal 
bar (ZTPB) appliance. Elif Gunduz, et. al., [7, 8], studied the ZTPB’s derotation character 
and compared it to Goshgarian-type palatal bar (GTPB) in vitro and in vivo. Moments 
and forces delivered during symmetrical derotation of upper molars by 10 Goshgarian-
type (GTPB) and 10 Zachrisson-type transpalatal bars (ZTPB) were measured in 
laboratory experiments using a computer-based strain gauge. Each end of the 20 passive 
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bars was symmetrically activated by 10 mm in the sagittal plane using a template. The 
activated bars were placed into lingual attachments of the measuring apparatus, and three 
consecutive measurement steps were taken for each bar. Measurements were taken when 
the attachments were at 0, 5, and 10 degrees of deactivation. The mesiodistal (sagittal) 
forces, the horizontal forces, and the moments of rotation at the right and left attachments 
were measured at each step. The horizontal forces and the moments of rotation of the two 
designs yielded statistically significant differences. Greater moments of rotation were 
produced by the GTPB. The ZTPB produced significantly lower contractive horizontal 
forces than the GTPB did at 5 and 10 degree of deactivation, demonstrating that ZTPB 
has some clinical relevant advantages to GTPB. Its load deflection rate is lower, thus, 
there could be lower initial moments at full activation and less or no reactivation during 
derotation. Also the horizontal contractive forces produced during deactivation were 
lower thus less compensation is needed. The authors attribute the characters to the 
different design of the ZTPB as the two small, distal-directed loops of the ZTPB give the 
bar flexibility, which makes engagement into the attachments easier with less activation 
loss. Also, at the beginning of derotation, these small loops show less closure; however, 
during derotation, when the central loop is closing, each loop opens itself at 0.5–1 mm. 
This enables the ZTPB to produce less contractive forces during derotation of molars. 
These characters are further tested in vivo in two molar rotation cases [8], where the 
derotations were fully corrected in three months with proper use of the ZTPB. The 
authors also claimed that ZTPB can be successfully used for different treatment purposes 
besides upper molar derotation, such as expansion of the upper arch, maintaining arch 
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widths, supporting anchorage, improving vertical control, etc. Overall, these studies show 
ZTPB as a better TPA in certain clinical situations.  
Second order discrepancy can also be corrected effectively with TPA. However, 
instead of activation of TPA itself, most of the designs in the literature used TPA as 
passive anchorage for second order correction. Over-erupted molars can be intruded, and 
impacted molars can be extruded. Salem, et. al. soldered an additional spring distal to the 
molar attachment [25], and showed that clinically, this design can effectively intrude the 
over-erupted maxillary molars. The mechanics is comfortable, cost effective, and can 
work rapidly. Santoro, et. al.  [26] added an additional hook distal to the TPA band joint 
and run elastics from the hook to the impacted molar, resulting in rapid extrusion and 
success with minimum side effect. 
Third order discrepancy can also be corrected effectively with TPA. In Falguni 
Mehta’s study [27], Zachrisson-type transpalatal bars (ZTPB) was used to correct 
Maxillary second molar buccal crossbite together with E chain successfully. This 
approach helps to apply an isolated force on the buccally placed maxillary second molars 
without disturbing the anchorage unit and any undesired movement on the dentition, it 
also does not interfere with the physiologic eruption of teeth in the opposite arch. In 
addition, by running E chain crosses over the occlusal surface of Maxillary second 
molars, possible side effects of tooth extrusion, opening of the mandibular plane angle, 
and downward and backward rotation of the mandible, worsening of the profile 
associated with fixed orthodontic appliances and ‘S’- elastics are totally avoided. This 
study shows an interesting way to control third order discrepancy with a modified TPA.  
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Crossbite discrepancy can also be managed with a TPA. In Edsard van 
Steenbergen’s study [28], the treatment of a unilateral dental crossbite was recommended 
to be performed with a lingual arch (0.032’’ x 0.032’’-inch TMA) in the mandible and 
transpalatal arch (TPA) in the maxilla. In the case of a lingually tipped upper molar, a 
rigid arch wire is tied to all of the teeth except the molar in crossbite. Buccal root torque 
is placed in the TPA on the side that is not in crossbite. When the TPA is inserted into the 
bracket, the horizontal part of the TPA will be occlusal to the bracket on the crossbite 
side. In addition, expansion activation was built into the transpalatal arch. When this TPA 
is engaged, the force system created causes the desired buccal tipping of the molar in 
crossbite. This tipping movement occurs before translation of the molar on the 
contralateral side. The vertical forces, which act to cause intrusive and extrusive side 
effects on the two molars, are small and usually are not expressed because occlusal forces 
are far larger in magnitude. After the crossbite has been corrected, the wire is removed, 
made passive, and reinserted.  This study provides a good protocol for molar crossbite 
correction with TPA appliance. In Bengt Ingervall’s study [29], in vivo results were used 
to evaluate the activated TPA for crossbite correction. Thirty-five children from 6 years, 
8 months to 15 years, 11 months old were studied. Fifteen of the children were treated 
with an arch activated for expansion only and 20 children with an arch activated in a 
similar way but with the inclusion of buccal root torque of the anchorage tooth. With both 
types of activation, the tooth in crossbite was allowed to tip buccally. The movements of 
the first molars as a result of the treatment were monitored by measurements on dental 
casts and frontal cephalometric roentgenograms. In the children treated with an arch 
activated only for expansion, the molars on both sides of the dental arch moved buccally 
 14 
during the treatment. In the children treated by torque activation, on the other hand, there 
was a considerable buccal movement of the molar on the side of the crossbite without any 
significant buccal movement of the anchorage tooth. With both types of activation, there 
was only a slight change in inclination of the transverse occlusal plane through the first 
molars; the plane opened up slightly toward the side of the crossbite. The authors believe 
the results were satisfactory and recommended this kind of TPA activation for crossbite 
correction. This study showed that TPA can be properly activated to bring effective 
crossbite correction.  
Expansion can also be achieved with TPA. Baldini showed successful palatal 
expansion with Goshgarian-type palatal bars (GTPB) [30], and Bell, et al. demonstrated 
effective maxillary expansion during deciduous and mixed dentitions using a quad-helix 
appliance [13]. This expansion produced orthopedics midpalatal suture separation for 
early treatment in addition to the orthodontics changes. As quad helix appliance is a 
variance of TPA in a broad sense, these studies showed the effective expansion function 
of TPAs. 
Molar distalization can be done by the TPA as well. Mandurino, et. al. [31] 
modified the removable TPA slightly to make asymmetric distalization possible. Here the 
TPA arch is made from TMA wires and double wire ending was bent. By inserting distal 
to the lingual tube on the anchorage molar side and inserting medial to the tube of the 
molar needs to be distalized, mesiobuccal rotation of the anchor molar and distal force of 
the mesialized molar can be formed. Clinical cases proved this setup an effective, simple, 
hygienic, economic and easy way of molar distalization without anterior anchorage loss. 
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Temporary anchoring devices (TAD) including mini- NiTi implants are more and more 
used in everyday orthodontics practice. TPA can work nicely with the TADs to achieve 
needed forces. Heiner Wehrbein, et. al.  [32], studied the sagittal deflection of TPAs of 
different dimensions attached to an implant abutment. After comparison of multiple 
diameter of TPA with multiple forces, the study showed 0.051’’x0.051’’ stainless steel 
TPAs can be used when maximum anchorage is needed.  Like any other orthodontics 
appliances, careless use of the TPA can bring problems and side effects.  
Trauma is one of the problems and side effects TPA may cause. Ng’ang'a, et. al.  
[33], reported cases of possible hazards of TPA use. In an extraction case, maximum 
anchorage was designed and TPA was used for anchorage together with headgear. This 
particular TPA is Goshgarian-type palatal bar (GTPB) with mesial central loop. As the 
anterior segment moved posteriorly, and without headgear compliance, the mesial loop of 
the GTPB became partially embedded in the palatal mucosa. This could have been 
prevented with better patient compliance, better parent education and shorter visit 
intervals. In another case, a removable TPA was used with bent back double wire ends. 
The ends were ligated into the molar band lingual tube with elastic chains. However, with 
time, mastication and other oral movements, one end dislodged from the lingual tube and 
thus the central loop of the GTPB became embedded in the palatal mucosa. This also 
could have been prevented with shorter visit intervals, frequent check for looseness and 
palatal clearance, frequent change of elastics, or stainless steel ligature. 
Another type of side effects come from biomechanical considerations. Yukio Kojima [34] 
performed a finite element simulation to study the effects of transpalatal arch on molar 
movement produced by mesial force. The paper claimed passive TPA can prevent both 
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rotation and buccolingual tipping of the molars, and also maintains the transverse 
distance of the molars by mechanical rigidity of the TPA. However, after finite element 
simulation, it was found that the initial movement produced by elastic deformation of the 
periodontal ligament, stress magnitude in the periodontal ligament was not changed by 
the TPA. In the orthodontic movement produced by bone remodeling, the mesial force 
tipped the anchor teeth irrespective of the TPA. The tipping angles of anchor teeth with 
and without the TPA were almost the same. The anchor teeth without the TPA were 
rotated in the occlusal plane and moved transversely. The authors concluded that based 
on the calculation, The TPA had no effect on the initial movement. Although this 
conclusion was made, it is only valid when the assumptions used in this calculation are 
satisfied. In addition, after the theoretical initial movement, maxillary molars’ large 
lingual roots will contact the lingual plate and acts as a pivot to make the 2 buccal roots 
to rotate mesiolingually. Then here the TPA reduces anterior molar movement by 
coupling the right and left permanent molars together and thus eliminate rotations. 
As a common clinical observation, buccal root torque to upper molars with 
Goshgarian-type palatal bar (GTPB) without appropriate adjustments of the arch width 
can produce, initially, an adverse buccal tipping of the molar crowns. In Baldini G’s [35] 
study, an in vitro experiment was performed on the forces and moments produced by 
GTPB when symmetrical buccal root torque was applied. The torque moments and 
expansive lateral forces developed by nine different arch forms of varying height and 
width were measured and the corresponding moment-to-force ratios were calculated at 
three different torque levels. It was found that the moment-to-force ratio acting on the 
upper molars depended mainly on the amount of torque applied and the arch height. This 
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indicates that when low palatal bars are used, the application of buccal root torque of 
clinically relevant amounts leads to an initial buccal crown tipping, whereas the same 
amounts of torque, when applied by means of high arches, bring about an initial buccal 
root tipping. This study also claimed that interaction between torque moment and lateral 
force is not constant but arch form dependent, and the moment to force ratio will change 
as soon as the teeth move.  
Aiming to minimize the unwanted side effects, theoretical investigations of TPA 
have been carried out.   However, the biomechanical understanding of the removable 
TPA is complex because it is a two-bracket system constrained at both ends. In this 
system, the wire can move neither in nor out of the molar sheaths on either side. 
Constraining forces that cannot be intuitively predicted are introduced into the system 
caused by the rigidity and fixed length of the transpalatal wire. The addition of these new 
forces may affect tooth movement. Accurately account for all of these forces is difficult. 
To make the analysis easier, Joe Rebellato [9] uses a static approach focused only at time 
point zero to analysis the force and moment equilibrium system. Multiple scenarios were 
included in the theoretical analysis.  
In symmetrical bilateral expansion and constrictions, the opposite force in 
bilateral molars cancelled out, and the opposite moment also cancelled out. The system 
can reach balance with no side effect.  
In symmetrical bilateral first order activations of mesiofacial rotations, bilateral 
toe ins in the occlusal plane will produce bilateral mesiofacial rotations, and the equal 
and opposite forces and moments will also cancel each other out, no side effects exists 
when system reach balance. 
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In symmetrical bilateral first order activations of mesiolingual rotations, similarly, 
bilateral toe outs in the occlusal plane will produce bilateral mesiolingual rotations, and 
the equal and opposite forces and moments will also cancel each other out, no side effects 
exists when system reach balance. 
In bilateral second order activation where mesiodistal tipping is desired, as 
constraint from TPA wire will prevent second order rotation of molars around their center 
of resistances, the center of rotation will be more occlusal, thus mesial and distal root 
torque of the molar roots are expected. 
In bilateral third order activation where buccal root torques are desired, the 
symmetrical toe ins in the frontal plane will bring equal and opposite force and moment, 
However, the system is constrained and the stiffness of the palatal arch will help to 
maintain the inter-sheath distance. The stiffness of the wire imposes a facially directed 
force acting at the molar sheaths and the center of resistances of the teeth will move 
facially because of this force. The instantaneous center-of-rotation in this situation moved 
occlusally and closer to the molar sheaths. 
In unilateral first order activations of mesiofacial rotations, as the moment are no 
longer symmetrical, to keep the moment sum as zero, the rotated molar will have a mesial 
force and the other molar will have a distal force as side effect. 
In unilateral first order activations of mesiolingual rotations, as the moment are no 
longer symmetrical, to keep the moment sum as zero, the rotated molar will have a distal 
force and the other molar will have a mesial force as side effect. 
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In unilateral third order activation of facial root torque,  as the moment are no 
longer symmetrical, to keep the moment sum as zero, the rotated molar creates an 
intruding force and the other molar will have a extruding force as side effect. 
To make the clinical insertion of activated TPA end easier for insertion, step bends can be 
used instead of single bend. Here couples at the brackets that are always in the same 
direction and the associated equilibrium forces will also be additive. Thus, step bends are 
an efficient way of increasing the magnitude of the equilibrium forces without greatly 
increasing the angle of entry at a sheath. Thus the clinical insertion becomes much easier 
but the biomechanics is still the same as discussed above. 
As the TPA force system is very shape-sensitive, with the consideration of the 
undesirable side effects and practical clinical use, Burstone, et. al. [36] theoretically 
calculated the right arch forms for each clinical situation with a computer. In forming the 
precise TPA shape, the reactive force approach is compared with the iterative force 
approach and the iterative force approach is determined to be much more accurate thus 
was used.  This study analyzed common clinical scenarios for using TPA and suggested 
theoretical solutions to common side effects.. 
Overall, a TPA and LA are commonly used appliances in clinical orthodontics treatment 
with many varied design modifications.. Clinically, TPA and LA are versatile, however, 
side effects are common. Theoretical biomechanics analysis of the appliances were 
performed to maximize the expected effects and minimize the side effects, however, well 
designed quantified in vitro comparison have not been available before this study.   
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Abstract 
The TPA and LA can be activated with two methods: the “shape-driven method” 
where the appliance is made to match the final tooth position and the “force-driven 
method” where the appliance is made to make sure the force system delivered by it at the 
beginning is consistent with the planned tooth movement. This study compared the two 
methods in vitro quantitatively with typodont teeth and multi-axis force torque 
transducers in all three dimensions. Results: In the TPA first order activation, with 
comparable Fy (force on Y axis) reading, the shape-driven activation group had a 
significantly higher Mx (moment on X axis) reading than the force-driven activation 
group. In the TPA second order activation, with comparable My (moment on Y axis) 
reading, the shape-driven activation group had a significantly higher Fx (Force on X axis) 
reading than the force-driven activation group. In the TPA third order activation, with 
comparable Mx (moment on X axis) reading, the shape-driven activation group had a 
significant higher Fy (force on Y axis) reading than the force-driven activation group. In 
the LA first order activation, with comparable Fy (force on Y axis) reading, the shape-
driven activation group had a significantly higher Mz (moment on Z axis) reading than 
the force-driven activation group. In the LA second order activation, with comparable My 
(moment on Y axis) reading, the shape-driven activation group had a significantly higher 
Fz (force on Z axis) reading than the force-driven activation group. In the LA third order 
activation, the shape-driven activation method resulted in the exact same shape as the 
force-driven activation method, no comparison between the two activation methods was 
needed and both method yielded the same result. Conclusion: Both TPA and LA 
activated using the force-driven method exhibited lesser unintended side effects in first, 
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second and third order forces and moments than the shape-driven method. As the targeted 
tooth movements can be helped or hindered by the side effects, clinicians can refer to the 
results to make the correct activations for the most efficient and effective tooth 
movements. 
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Introduction 
Statement of the Problem 
The transpalatal arch (TPA) is a commonly used appliance in clinical orthodontics 
treatment [6]. Many different designs have been developed and tested including the 
Goshgarian type [37], the Zachrisson type [8], the removable type [9], the “Precision 
lingual arch” [10, 12], The “Butterfly Arch TPA”  [18], etc. TPA and LA (Lingual arch) 
can be used passively for anchorage[7, 19] or actively for tooth movement in first order 
[8, 22, 23], second order [25, 26] and third order[27].  Although TPA and LA are very 
versatile and can be used to move tooth efficiently in many conditions, unwanted tooth 
movements can result from less than ideal initial activations.   
The TPA and lingual arch can be activated with two methods [38]. The first 
method is “shape-driven method”, where the appliance wire is fabricated to the ideal arch 
shape when it is passive. The wire is then elastically bent and placed into the maligned 
brackets for activation. Although this is straightforward and easy to fabricate, this 
activation usually brings large unnecessary initial moments to the teeth, thus results the 
undesirable side effects of round tripping movements of the teeth.  
The second activation method is “force-driven method”. To eliminate the 
unwanted side effects of the shape-driven method, and to give tooth the desired initial 
force system, a “force-driven method” has been developed. In this method, correct 
starting force is prioritized over establishing the ideal final tooth position. This initial 
force-driven activation can be achieved theoretically with computer calculation based on 
beam theory and iterative methods, it can also be achieved in five steps at chair side 
clinically. The first step is to determine the desired force system, the second step is to 
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make an appliance arch form passive to the original teeth position, the third step is a 
simulation shaping of the appliance by the deactivation force system, the fourth step is to 
permanently deform the appliance to be identical to the simulated deactivated shape, and 
the fifth step is trial activation in the mouth to make sure no unwanted moments exists. In 
theory, this force-driven activation method is more efficient than the shape-driven 
method by delivering the correct force system initially within the optimal force level 
zone, so the tooth can move directly to the target position without unnecessary wiggling 
or side effects.  
The purpose of this study is to compare the “shape-driven activation method” and 
“force-driven activation method” quantitatively in vitro. The forces and moments in all 
three dimensions were compared. Comparing the force system of both methods at the 
beginning will establish which one is closer to the ideal, and validate or refute the 
Burstone method of activation. The clinician will be able to consciously choose the 
method that better suits the specific case scenario.   
 
Hypothesis 
 The central null hypothesis is that there is no difference for the forces in all three 
dimensions with the two methods of transpalatal arch and lingual arch activation. There is 
also no difference for the moments in all three dimension created with the two activation 
methods. This can be divided into sub-hypotheses as follows: 
1. The force on the X axis is not different between the two methods of TPA activation for 
first order. 
2. The force on the X axis is not different between the two methods of TPA activation for 
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 the second order. 
 
3. The force on the X axis is not different between the two methods of TPA activation for  
 
the third order. 
 
4. The force on the Y axis is not different between the two methods of TPA activation for  
 
the first order. 
 
5. The force on the Y axis is not different between the two methods of TPA activation for  
 
the second order. 
 
6. The force on the Y axis is not different between the two methods of TPA activation for  
 
the third order. 
 
7. The force on the Z axis is not different between the two methods of TPA activation for 
 
the first order. 
 
8. The force on the Z axis is not different between the two methods of TPA activation for 
 
the second order. 
 
9. The force on the Z axis is not different between the two methods of TPA activation for  
 
the third order. 
 
10. The force on the X axis is not different between the two methods of LA activation 
 
for the first order. 
 
11. The force on the X axis is not different between the two methods of LA activation 
 
 for the second order. 
 
12. The force on the X axis is not different between the two methods of LA activation 
for the third order. 
 
13. The force on the Y axis is not different between the two methods of LA activation 
 
For the first order. 
 
14. The force on the Y axis is not different between the two methods of LA activation  
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for the second order. 
 
15. The force on the Y axis is not different between the two methods of LA activation  
 
for the third order. 
 
16. The force on the Z axis is not different between the two methods of LA activation 
 
for the first order. 
 
17. The force on the Z axis is not different between the two methods of LA activation 
 
for the second order. 
 
18. The force on the Z axis is not different between the two methods of LA activation  
 
for the third order. 
 
19. The moment on the X axis is not different between the two methods of TPA  
 
activation for the first order. 
 
20. The moment on the X axis is not different between the two methods of TPA  
 
activation for the second order. 
 
21. The moment on the X axis is not different between the two methods of TPA 
 
activation for the third order. 
 
22. The moment on the Y axis is not different between the two methods of TPA activation 
for the first order. 
23. The moment on the Y axis is not different between the two methods of TPA activation 
for the second order. 
24. The moment on the Y axis is not different between the two methods of TPA activation 
for the third order. 
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25. The moment on the Z axis is not different between the two methods of TPA activation 
for the first order. 
26. The moment on the Z axis is not different between the two methods of TPA activation 
for the second order. 
27. The moment on the Z axis is not different between the two methods of TPA activation 
for the third order. 
28. The moment on the X axis is not different between the two methods of LA activation 
for the first order. 
29. The moment on the X axis is not different between the two methods of LA activation 
for the second order. 
30. The moment on the X axis is not different between the two methods of LA activation 
for the third order. 
31. The moment on the Y axis is not different between the two methods of LA activation 
for the first order. 
32. The moment on the Y axis is not different between the two methods of LA activation 
for the second order. 
33. The moment on the Y axis is not different between the two methods of LA activation 
for the third order. 
34. The moment on the Z axis is not different between the two methods of LA activation 
for the first order. 
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35. The moment on the Z axis is not different between the two methods of LA activation 
for the second order. 
36. The moment on the Z axis is not different between the two methods of LA activation 
for the third order. 
  
Materials and Methods  
In this in vitro study, typodont was used initially for the setup. Anatomically 
rooted metal teeth from KilgoreTM International Inc. was used for the typodont. The 
maxillary permanent first molars were cemented with molar bands from OrmcoTM, and 
precision lingual hinge caps from OrmcoTM were welded to the molar bands. Removable 
TPA linked to the molars was made from 0.032’’x0.032’’ TMA burstone arch form from 
OrmcoTM, and removable LA linked to the molars was made from 0.032’’x0.032’’ TMA 
burstone arch form from OrmcoTM. After typodont setup, teeth were bonded to steel rods 
with J-B WeldTM 8280 Steel Reinforced Epoxy, and the steel rods were linked to multi-
axis force torque transducers Nano17 from ATI Industrial AutomationTM, Apex, NC. The 
signals were acquired with NI USB-6229 data acquisition device from National 
InstrumentsTM, and analyzed in a computer with OFM F/T DAQTM software. With this 
setup, the forces and moments can be captured and measured in all three dimension for 
evaluation. 
 
Calibration 
With TPA or LA appliances attached to the lingual slots, the teeth were removed 
from the typodont for independent measurements. As the lingual slots positions were 
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different from the transducers’ measuring point, a moment was measured by the 
transducer when pure force and no moment were applied to the lingual slot point. To 
make the calculation easier and to make the measurement meaningful, calibration files 
were generated for each transducer to make sure when forces are applied at the lingual 
slot, all moments in three dimension were zero. These specific calibration files were 
loaded into the software for all the following measurements so the data collected below 
were true forces and moments at the points of the lingual slots. 
 
Axis and moment definition 
As depicted in figure 1, 2, 3, positive or negative forces in X, Y, Z direction are 
defined as following:  
X axis is defined as the straight line perpendicular to the coronal plane. The 
direction toward anterior is defined as positive, and the direction toward posterior 
is defined as negative. 
Y axis is defined as the straight line perpendicular to the sagittal plane. The 
direction toward left is defined as positive, and the direction toward right is 
defined as negative.  
Z axis is defined as the straight line perpendicular to the transverse plane. The 
direction toward upward is defined as positive, and the direction toward 
downward is defined as negative. 
Then according to the right hand rule (Figure 4), positive moments direction was 
defined as the right thumb direction when the right fingers point in the direction of the 
first vector direction, and then curled towards the second vector.   
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Data Collection 
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 The overall grouping is shown in Table 1.  
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Comparison 1: PT1 vs. ST1 vs. FT1 
For this part, 1st order activation of TPA was compared in 3 groups, and in each 
group, 10 appliances are tested.  
In the group PT1 (Passive TPA 1st order activation), the TPA was made to be 
passive to the molar lingual slots. Due to the total passiveness, all forces and moments in 
three dimensions were expected to be zero or minimum. This setup is illustrated in Figure 
5, 6 and Figure 7. 
In the group ST1 (Shape-driven TPA 1st order activation), the TPA was activated 
in the first order with the shape-driven method. Specifically, the TPA was bent into the 
targeted finishing form with 7mm transverse expansion, then the TPA is engaged into the 
lingual slots without consideration of initial forces and moments. This setup is illustrated 
in Figure 8, 9 and Figure 10. 
In the group FT1 (Force-driven TPA 1st order activation), the TPA was activated 
in the first order with the force-driven method. Similarly, 7mm transverse expansion was 
placed in the TPA. However, this is done with the simulation activation, copy the 
activation form and making the activation form passive. Then the new form was engaged 
into the lingual slots to give optimum initial forces. This setup is illustrated in Figure 11, 
12 and Figure 13.  
From all three groups, the following data were collected for both transducers. 
Fx: force in the X axis direction. 
Fy: force in the Y axis direction. 
Fz: force in the Z axis direction. 
Mx: moment in the X axis direction. 
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My: moment in the Y axis direction. 
Mz: moment in the Z axis direction. 
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Comparison 2: PT2 vs. ST2 vs. FT2 
Second order activation of TPA was compared among the three groups, and in 
each group, 10 appliances were tested.  
In the PT2 group (Passive TPA 2nd order activation), the TPA was made to be 
passive to the molar lingual slots. Due to the total passiveness, all forces and moments in 
three dimensions were expected to be zero or minimum. This setup is illustrated in Figure 
14, 15 and Figure 16. 
In the ST2 group (Shape-driven TPA 2nd order activation), the TPA was 
activated in the second order with the shape-driven method. Specifically, the TPA leg 
engaging to maxillary right first molar was bent 30 degree for distal crown tipping, and 
the TPA leg engaging to maxillary left first molar was bent 30 degree for mesial crown 
tipping, then the TPA is engaged into the lingual slots without consideration of initial 
forces and moments. This setup is illustrated in Figure 17, 18 and Figure 19. 
In the FT2 group (Force-driven TPA 2nd order activation), the TPA was activated 
in the second order with the force-driven method. Similarly, 30-degree distal crown 
tipping for maxillary right first molar and 30-degree mesial crown tipping for maxillary 
left first molar was placed in the TPA. However, this is done with the simulation 
activation, copying the activation form, and making the activation form passive. Then the 
new form was engaged into the lingual slots to give optimum initial forces. This setup is 
illustrated in Figure 20, 21 and Figure 22.  
From all three groups, the following data were collected for both transducers. 
Fx: force in the X axis direction. 
Fy: force in the Y axis direction. 
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Fz: force in the Z axis direction. 
Mx: moment in the X axis direction. 
My: moment in the Y axis direction. 
Mz: moment in the Z axis direction. 
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Comparison 3: PT3 vs. ST3 vs. FT3 
Third order activation of TPA was compared in 3 groups, and in each group, 10 
appliances were tested.   
In the PT3 group (Passive TPA 3rd order activation), the TPA was made to be 
passive to the molar lingual slots. Due to the total passiveness, all forces and moments in 
three dimensions were expected to be zero or minimum. This setup is illustrated in Figure 
23, 24 and Figure 25. 
For the ST3 group (Shape-driven TPA 3rd order activation), the TPA was 
activated in the third order with the shape-driven method. Specifically, the TPA legs 
engaging to maxillary first molars were bent 30 degrees for buccal crown torque (lingual 
root torque); then the TPA was engaged into the lingual slots without consideration of 
initial forces and moments. This setup is illustrated in Figure 26, 27 and Figure 28.  
In the FT3 group (Force-driven TPA 3rd order activation), the TPA was activated 
in the third order with the force-driven method. Similarly, 30 degree buccal crown 
torques (lingual root torques) for maxillary first molars were placed in the TPA. 
However, this is done with the simulation activation, copy the activation form and 
making the activation form passive. Then the new form was engaged into the lingual slots 
to give optimum initial forces. This setup is illustrated in Figure 29, 30 and Figure 31.  
From all three groups, the following data were collected for both transducers. 
Fx: force in the X axis direction. 
Fy: force in the Y axis direction. 
Fz: force in the Z axis direction. 
Mx: moment in the X axis direction. 
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My: moment in the Y axis direction. 
Mz: moment in the Z axis direction. 
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Comparison 4: PL1 vs. SL1 vs. FL1 
For this part of the comparison, first order activation of LA was compared in 3 
groups, and in each group, 10 appliances were tested.  
In the PL1 group (Passive LA 1st order activation), the LA was made to be 
passive to the molar lingual slots. Due to the total passiveness, all forces and moments in 
three dimensions were expected to be zero or minimum. This setup is illustrated in Figure 
32, 33 and Figure 34. 
In the SL1group (Shape-driven LA 1st order activation), the LA was activated in 
the first order with the shape-driven method. Specifically, the LA was bent into the 
targeted finishing form with 10mm transverse expansion, then the LA is engaged into the 
lingual slots without consideration of initial forces and moments. This setup is illustrated 
in Figure 35, 36 and Figure 37.  
In the FL1 group (Force-driven LA 1st order activation), the LA was activated in 
the first order with the force-driven method. Similarly, the LA was bent into the targeted 
finishing form with 10mm transverse expansion. However, this is done with simulation 
activation, copying the activation form and making the activation form passive. Then the 
new form was engaged into the lingual slots to give optimum initial forces. This setup is 
illustrated in Figure 38, 39 and Figure 40.  
From all three groups, the following data were collected for both transducers. 
Fx: force in the X axis direction. 
Fy: force in the Y axis direction. 
Fz: force in the Z axis direction. 
Mx: moment in the X axis direction. 
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My: moment in the Y axis direction. 
Mz: moment in the Z axis direction. 
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Comparison 5: PL2 vs. SL2 v.s FL2 
Second order activation of LA was compared in 3 groups, and in each group, 10 
appliances were tested.  
For the PL2 group (Passive LA 2nd order activation), the LA was made to be 
passive to the molar lingual slots. Due to the total passiveness, all forces and moments in 
three dimensions were expected to be zero or minimum. This setup is illustrated in Figure 
41, 42 and Figure 43. 
In the SL2 group (Shape-driven LA 2nd order activation), the LA was activated in 
the second order with the shape-driven method. Specifically, the LA leg engaging to 
maxillary right first molar was bent 30 degree for distal crown tipping, and the LA leg 
engaging to maxillary left first molar was bent 30 degree for mesial crown tipping, then 
the LA was engaged into the lingual slots without consideration of initial forces and 
moments. This setup is illustrated in Figure 44, 45 and Figure 46. 
  For the FL2 group (Force-driven LA 2nd order activation), the LA was activated 
in the second order with the force-driven method. Similarly, the LA leg engaged to 
maxillary right first molar was bent 30 degree for distal crown tipping, and the LA leg 
engaged to maxillary left first molar was bent 30 degree for mesial crown tipping,   
however, this is done with the simulation activation, copying the activation form, and 
making the activation form passive. Then the new form was engaged into the lingual slots 
to give optimum initial forces. This setup is illustrated in Figure 47, 48 and Figure 49. 
  From all three groups, the following data were collected for both transducers. 
Fx: force in the X axis direction. 
Fy: force in the Y axis direction. 
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Fz: force in the Z axis direction. 
Mx: moment in the X axis direction. 
My: moment in the Y axis direction. 
Mz: moment in the Z axis direction. 
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Comparison 6: PL3 vs. SL3 vs. FL3 
Third order activation of LA was compared. As in this setup, the shape-driven 
activation method resulted in the exact same shape as the force-driven activation method. 
No comparison between the two activation methods is needed; and both methods yielded 
the same result. So in this setup, 2 groups were compared, and in each group, 10 
appliances were tested.  
In the PL3 group (Passive LA 3rd order activation), the LA was made to be 
passive to the molar lingual slots. Due to the total passiveness, all forces and moments in 
three dimensions were expected to be zero or minimum. This setup is illustrated in Figure 
50, 51 and Figure 52. 
For the group SL3 group (Shape-driven LA 3rd order activation), which is also 
the FL3 group (Force-driven LA 3rd order activation), the LA was activated in the third 
order with the shape-driven method, which showed the same result as the force-driven 
method. Specifically, the LA legs engaging to maxillary first molars were bent 30 degree 
for buccal crown torque (lingual root torque), then the LA was engaged into the lingual 
slots for measurements. This setup is illustrated in Figure 53, 54 and Figure 55. 
From all three groups, the following data were collected for both transducers.   
Fx: force in the X axis direction. 
Fy: force in the Y axis direction. 
Fz: force in the Z axis direction. 
Mx: moment in the X axis direction. 
My: moment in the Y axis direction. 
Mz: moment in the Z axis direction.  
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Statistical Analysis 
Statistical analyses were performed using Microsoft Excel with QI MACRO 
modules. Descriptive statistics was employed as mean ± standard deviation as the data 
were normally distributed. The results from the 3 groups were compared using ANOVA 
followed by individual post-hoc tests with Scheffe’s procedure. Statistical significance is 
denoted when p<0.05. The specific comparisons are noted in Table 1. 
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Results 
 
Comparison 1: PT1 vs. ST1 vs. FT1 
Results of comparison in this group are summarized in Tables 2, 3, 4, 5 and 
Figures 56, 57, 58, 59.  
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In this comparison, horizontal expansion forces are given to the lingual slots of maxillary 
first molars for 7mm expansion.  Forces comparisons in x, y, z axis are listed in table 2, 
3, they are also drawn in figure 56, 58. The passive group shows minimal activation in all 
three axes, indicating a low force noise level in the system setup. There were no 
statistical significant differences in forces in x,y and z axis between shape-driven 
activation group and force-driven activation group. 
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Moment comparisons in x, y, z axis are listed in table 4, 5, they are also drawn in figure 
57, 59. The passive group shows minimal moment in all 3 axis, indicating a low moment 
noise level in the system setup. There are no statistical significant differences in moments 
in y and z axes between shape-driven activation group and force-driven activation group. 
There is a statistical significant difference in moments in x axis between shape-driven 
activation group and force-driven activation group, specifically, the shape-driven 
activation group has a 6.507+/-0.403 Nmm moment on the x axis for transducer 1 and a -
6.506+/-0.417 Nmm moment on the x axis for transducer 2; in comparison, the force-
driven activation group has a 0.060+/-0.214 Nmm moment on the x axis for transducer 1 
and a -0.112+/-0.281 Nmm moment on the x axis for transducer 2. 
 
Comparison 2: PT2 vs. ST2 vs. FT2 
Results of comparison in this group are summarized in Tables 6, 7, 8, 9 and  
Figures 60, 61, 62, 63. 
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In this comparison, distal crown tipping moments are given to the lingual slots of 
maxillary right first molar, and mesial crown tipping moments are given to the lingual 
slots of maxillary left first molar.  Forces comparisons in x, y, z axis are listed in Table 6, 
7, and they are also drawn in Figure 60, 62. The passive group showed minimal 
activation in all three axes, indicating a low force noise level in the system setup. There 
are no statistical significant differences in forces in y and z axis between the shape-driven 
activation group and force-driven activation group. There is statistical significant 
difference in forces in x axis between shape-driven activation group and force-driven 
activation group. 
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Moment comparisons in x, y, z axis are listed in Table 8, 9, they are also drawn in 
Figure 61, 63. The passive group shows minimal moments in all three axes, indicating a 
low moment noise level in the system setup. There are no statistical significant 
differences in moments in x and y axis between the shape-driven activation group and 
force-driven activation group, and there is a negative moment in z axis in the shape-
driven activation group due to total moment equilibrium.    
 
Comparison 3: PT3 vs. ST3 vs. FT3 
Results of comparison in this group are summarized in Tables 10, 11, 12, 13  
and Figures 64, 65, 66, 67. 
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 In this comparison, buccal crown torque moments are given to the lingual slots of 
maxillary first molars for 30 degree activation. Forces comparisons in x, y, z axis are 
listed in Table 10, 11 and are also drawn in Figure 64, 66. The passive group showed 
minimal activation in all three axes, indicating a low force noise level in the system 
setup. There are no statistical significant differences in forces in x and z axis between the 
shape-driven activation group and the force-driven activation group. There is statistical 
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significant difference in forces in y axis between shape-driven activation group and force-
driven activation group; specifically, the shape-driven activation group had a 0.891+/-
0.065 N force on the y axis for transducer 1, and a -0.893+/-0.074 N force on the y axis 
for transducer 2; while the force-driven activation activation group had a -0.029+/-0.085 
N force on the y axis for transducer 1, and a 0.032+/-0.083 N force on the y axis for 
transducer 2. 
 Moment comparisons in x, y, z axis are listed in Table 12, 13, and are also drawn in 
Figure 65, 67. The passive group showed minimal moments in all three axes, indicating a 
low moment noise level in the system setup. There are no statistical significant 
differences in moments in y and z axis between the shape-driven activation group and the 
force-driven activation group.   
 
Comparison 4: PL1 vs. SL1 vs. FL1 
Results of comparison in this group are summarized in Tables 14, 15, 16, 17  
and Figures 68, 69, 70, 71. 
 68 
 69 
 70 
 71 
 72 
 73 
 
 
 
 In this comparison, horizontal expansion forces are given to the lingual slots of 
maxillary first molars for 10mm expansion.  Forces comparisons in x, y, z axis are listed 
in Table 14, 15 and drawn in Figure 68, 70. The passive group showed minimal 
activation in all three axes, indicating a low force noise level in the system setup. There 
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are no statistical significant differences in forces in x, y and z axes between the shape-
driven activation group and the force-driven activation group.   
 Moment comparisons in x, y, z axis are listed in Table 16, 17 and drawn in Figure 
69, 71. The passive group showed minimal moment in all three axes, indicating a low 
moment noise level in the system setup. There are no statistical significant differences in 
moments in x and y axis between the shape-driven activation group and the force-driven 
activation group. There is a statistical significant difference in moments in z axis between 
the shape-driven activation group and the force-driven activation group, specifically, the 
shape-driven activation group had a -8.421+/-0.776 Nmm moment on the z axis for 
transducer 1, and a 0.036+/-0.175 Nmm moment on the z axis for transducer 2; and the 
force-driven activation group had a -8.421+/-0.776 Nmm moment on the z axis for 
transducer 1, and a -0.033+/-0.196 Nmm moment on the z axis for transducer 2. 
 
Comparison 5: PL2 vs. SL2 vs. FL2 
Results of comparison in this group are summarized in Tables 18, 19, 20, 21  
and Figures 72, 73, 74, 75. 
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 In this comparison, distal crown tipping moments are given to the lingual slots of 
maxillary right first molar, and mesial crown tipping moments are given to the lingual 
slots of maxillary left first molar.  Forces comparisons in x, y, z axis are listed in Table 
18, 19 and drawn in Figure 72, 74. The passive group showed minimal activation in all 
three axes, indicating a low force noise level in the system setup. There are no statistical 
significant differences in forces in x and y axis between the shape-driven activation group 
and the force-driven activation group. There is statistical significant difference in forces 
in z axis between the shape-driven activation group and the force-driven activation group. 
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 Moment comparisons in x, y, z axis are listed in table 20, 21, they are also drawn in 
figure 73, 75. The passive group shows minimal moments in all 3 axis, indicating a low 
moment noise level in the system setup. There are no statistical significant differences in 
moments in y and z axis between shape-driven activation group and force-driven 
activation group, and there is a negative moment in x axis in the shape-driven activation 
group due to total moment equilibrium. 
 
Comparison 6: PL3 vs. SL3 vs. FL3 
Results of comparison in this group are summarized in Tables 22, 23, 24, 25  
and Figures 76, 77, 78, 79. 
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 In this comparison, buccal crown torque moments were introduced to the lingual 
slots of maxillary first molars for 30-degree activation.  Force comparisons in x-, y-, z- 
axes are listed in Table 22, 23 and drawn in Figure 76, 78. The passive group shows 
minimal activation in all three axes, indicating a low force noise level in the system 
setup. Moment comparisons in x-, y-, z-axes are listed in Table 24, 25 and drawn in 
Figure 77, 79. The passive group shows minimal moment in all three axes indicating a 
low moment noise level in the system setup.   
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 Given this setup, a shape-driven activation method resulted in the same shape as the 
force-driven activation method. No comparison between the two activation methods was 
needed and both methods yielded the same result.   
 
Discussion  
 Two methods of TPA and LA activation exist. The first method—shape-driven 
method is intuitive and straightforward, where the expected tooth position or arch shape 
is fabricated into the appliance. However, a lot of unnecessary initial forces or moments 
are found to follow the activation clinically; also round tripping movements of the teeth 
are not uncommon. The second method— force-driven method, focuses more on the 
correct initial force or moment. This method sounds counter-intuitive, however, if 
followed correctly, less round tripping and more efficient movements are seen clinically.  
 As there have been only theoretical speculations in literature (40, 41), this study 
could be the first to examine in vitro effects, systemically and quantitatively using 
sensitive transducers. These results may help clinicians choose an appropriate activation 
method for a given specific case. 
 In the PT1 vs. ST1 vs. FT1 comparison, the TPA was used to achieve a common 
orthodontic task: molar expansion. Both activation methods achieved reasonable 
expansion force of around 120g without significant and unnecessary forces in other 
directions. However, when the moments were considered, the shape-driven activation 
method revealed a significantly more positive moment in x axis, which by itself was a 
moment to rotate the crown lingually and root buccally. This could be a wanted or 
unwanted effects based on the specific clinic condition.  
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 As moment to force ratio is a useful indicator to describe the center of rotation 
(Crot), it was calculated for these two activations. The ST1 had an average Mx/Fy of -
5.456mm, while the FT1 had an average Mx/Fy of -0.045mm. This indicated that in the 
shape-driven activation group, the center of rotation was close to apex, and the molar 
would expand with controlled tipping movement. By comparison, in the fore driven 
activation group, the center of rotation was close to 1-2mm apical to center of resistance, 
and the molar would expand in an uncontrolled tipping pattern with crown moving 
buccally and root moving lingually. Again, this could be a wanted or unwanted effects 
based on the specific clinic condition. The buccal root torque “side effect” in the shape-
driven method could actually be beneficial for some clinical scenario. 
In the PT2 vs ST2 vs FT2 comparison, the TPA was used for molar distal or 
mesial crown tipping. Both activation rotated molars with an around 1200 gmm moment, 
while the shape-driven activation group leaded to a positive or negative x force of about 
100g. This means without proper compensation bends as in the force-driven method, the 
shape-driven method has a small initial mesial force on the molar with distal tipping 
intension, and a small initial distal force on the molar with mesial tipping intension.  
 In the PT3 vs. ST3 vs. FT3 comparison, the TPA was used for molar buccal 
crown torques. Both activation rotated molars with an around -880 gmm moment in 
transducer 1 (around 880 gmm in transducer 2), while the shape-driven activation group 
leaded to a positive y force of about 89g in transducer 1 ( -89 g in transducer2). This 
means without proper compensation bends as in the force-driven method, the shape-
driven method has an initial constriction force on the molars. The Mx/Fy of -9.86 mm in 
transducer 1 ( -9.84 mm in transducer 2) shape-driven method means a rotation center 
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near the cusp tip, thus the effect would express as lingual root torque. On the other hand, 
the Mx/Fy of 138.632 mm in transducer 1 ( -1114mm in transducer 2) in the force-driven 
method means a rotation center near the center of resistance, so the effect would be both 
lingual root torque and buccal crown torque. The different center of rotation can be 
considered by clinicians for their specific tooth position requirement.  
 In the PL1 vs. SL1 vs. FL1 comparison, the LA was used for molar expansion. 
Both activation methods achieved reasonable expansion force of around 120g with no 
significant unnecessary force in other directions. Regarding the moment, the shape-driven 
method had a -842 gmm moment in transducer 1 (840gmm in transducer 2) in the z 
direction, which is strong mesial buccal rotation for the molars. In this scenario, the 
strong mesial buccal rotation tendency for the molar can be a big help or big side effect 
for the specific clinic condition. Clinicians can make wise choices based on this result.  
 In the PL2 vs SL2 vs FL2 comparison, the LA was used for molar distal and 
mesial crown tipping. Both activation rotated molars with an around 1200 gmm moment, 
while the shape-driven activation group leaded to a z force of about 100g in transducers. 
This means without proper compensation bends as in the force-driven method, the shape-
driven method has a small initial extrusion force on the molar intended to be distalized, 
and a small initial intrusion force on the molar intended to be mesialized. In this scenario, 
the extrusion or intrusion force for the molar in the shape-driven method needed to be 
considered by clinicians for better tooth movement plan.  
 In the PL3 vs SL3 vs FL3 comparison, the LA was used for molar buccal crown 
torque. In this comparison, the shape-driven activation method and the force-driven 
activation method both produced the exact shape, thus, no comparison is needed.  
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Conclusions 
TPA and LA activated in force-driven method had minimal side effects in the 
first, second and third order forces and moments. However, with shape-driven method, 
for the TPA first order activation, expansion had a buccal root torque side effect;  for the 
TPA second order activation, distal crown tipping had a mesialization side effect and 
mesial crown tipping has a distalization effect; for the TPA third order activation, buccal 
crown torque had a constriction side effect; for the LA first order activation, expansion 
had a mesial buccal rotation side effect; for the LA second order activation, distal crown 
tipping had an extrusion side effect and mesial crown tipping had an intrusion side effect; 
for the LA third order activation, both activation methods had the same result with no 
side effects. As the targeted tooth movements can be helped or hindered by the side 
effects, clinicians can refer to the results to make the correct activations for the most 
efficient and effective tooth movements. 
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CHAPTER THREE 
EXTENDED DISCUSSION 
 This study compared the shape-driven activation and force-driven activation 
methods and provided quantitative results for the forces and moments in three 
dimensions. With these data and understanding of the activation mechanics, clinicians 
could consciously choose the method that better suits his/her case, and thus achieve 
precise adjustment, accurate force system delivery, exact force control, overall shorter 
treatment time, less round trip movements and better patient comfort. 
 This study used 0.032’’ x0.032’’ TMA wire. It would be interesting to study 
results of other wires with similar setup in the future. Materials can be researched 
including stainless steel, NiTi, CuNiTi, Elgiloy; other shapes of palatal appliance can also 
be studied such as quad helix; round wire or multi-strand wire can also be studied in the 
future. 
 It should be noted that this study only focused on the initial force and moment. As 
soon as the tooth started moving, it will be in a new force system which is different from 
the initial balancing.  
 It also should be noted that by using the force-driven method for activation, the 
correct initial force and moment were achieved and less initial side effects were expected. 
This happened in the initial optimum zone thus initial rapid correct movement can be 
achieved. In comparison, when using the shape-driven method for activation, the 
unwanted forces or moments were usually most evident in the initial optimum zone, and 
the self-correcting forces or moments would usually happen in the later suboptimum zone 
where less force and longer time would be needed for the round tripping correction. 
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 Although correct initial force and moment can be achieved with the force-driven 
method, regular patient visit is still very important in clinical setting. Without regular 
monitoring, in a long time the teeth will eventually be moved to the appliance’s passive 
form, which in the force-driven method, is usually not the targeted ending position of the 
teeth. Regular visits and constant appliance adjustments to maintain the optimum force 
zone are very important to achieve desired clinical result effectively and efficiently. 
 As a first attempt, this study quantitatively compared the two activation methods 
in three dimensions. However, as an in vitro investigation, these results can never 
substitute for each individual patient’s biological responses to the appliances in vivo in a 
long period. Regular clinical visits and proper appliance adjustments are essential and 
necessary to reach clinical goals repeatedly.  
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